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ABSTRACT
The flowerbud-feeding weevil Anthonomus santacruzi Hustache
(Coleoptera: Curculionidae) was released in South Africa in 2008 for
the biological control of the invasive tree Solanum mauritianum
Scopoli (Solanaceae). The weevil was widely deployed throughout
KwaZulu-Natal province, which supports large S. mauritianum
infestations, and has become well established in its warmer coastal
regions. The aim of this study was to provide field evidence that
climate is constraining the weevil’s distribution in South Africa.
Solanum mauritianum populations were sampled at 23 sites across
an altitudinal gradient in KwaZulu-Natal to determine A. santacruzi
densities in relation to food availability and climatic variables.
Despite significantly higher amounts of floral material on
S. mauritianum at the higher altitude inland sites, A. santacruzi
numbers were significantly higher at the lower altitude coastal
sites. There was thus a significant negative relationship between
A. santacruzi numbers and altitude and significant positive
relationships between A. santacruzi numbers and both temperature
and humidity. Neither rainfall nor food availability influenced
A. santacruzi numbers, although lower amounts of floral material at
the coastal sites may well have been caused by higher weevil
densities at these sites. Anthonomus santacruzi was absent at only
three sites, all at higher altitudes, further demonstrating that
conditions in coastal or low-altitude regions are favourable for
establishment and population proliferation. Future release efforts
in KwaZulu-Natal, but also in other South African provinces, should
thus be focused on coastal regions and inland regions that are
below 1000 m above sea level.
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Solanum mauritianum Scopoli (Solanaceae), commonly known as bugweed or woolly
nightshade, has become widespread and invasive in several tropical, subtropical and tem-
perate regions around the world (Olckers, 1999, 2011). Native to South America, the plant’s
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secondary distributionhas since the 16th century been facilitated by ancient trade routes but
also themore recent ornamental plant trade (Olckers, 1999, 2011). Solanummauritianum is
a small tree that grows rapidly to a height of 2–10 m and survives for some 20–30 years
(Olckers, 2011; Van Den Bosch, Ward, & Clarkson, 2004). The plant flowers throughout
the year, producing globular berries that are favoured by frugivorous birds and bats
(Olckers, 2011) and contain high numbers of seeds with high viability (Van Den Bosch
et al., 2004). Individual trees produce between 100,000 and 200,000 seeds annually
(Olckers, 2011). The plant has becomeproblematic in countries such asAustralia,Madagas-
car, New Zealand and South Africa, with negative impacts on agricultural land, forestry
plantations, riverine ecosystems and conservation areas (Olckers, 1999, 2011).
Biological control was thus implemented in South Africa, and more recently New
Zealand, to curb the excessive reproductive output of S. mauritianum (Olckers, 2011).
The leaf-sucking lace bug Gargaphia decoris Drake (Hemiptera: Tingidae) has been
deployed in both countrieswhile the flowerbud-feedingweevilAnthonomus santacruziHus-
tache (Coleoptera: Curculionidae) has been deployed in South Africa only (Olckers, 2003,
2011). Adults of A. santacruzi feed mostly on open flowers, but also flower buds and
young leaves, resulting in the abscission of floral material (Olckers, 2003, 2011). Besides
inflicting floral damage, adult weevils facilitate self-pollination which lowers the reproduc-
tive output of S. mauritianum populations (Cowie,Witkowski, Byrne, & Venter, 2017). The
adults live for 3–6months, and the females oviposit in the flower buds, each producing some
16–59 larvae (Olckers, 2003). The developing larvae destroy the flower buds, thereby pre-
venting flowering and reducing fruit production (Olckers, 2003).
Following surveys in the country of origin (Olckers, Medal, & Gandolfo, 2002) and
host-specificity testing in quarantine (Olckers, 2003), releases of A. santacruzi commenced
in South Africa in late 2008. During 2011–2014, mass-rearing by implementing agencies
facilitated the release of more than 28,000 weevils in KwaZulu-Natal province (English,
2016), where S. mauritianum is particularly abundant (Olckers, 2011). Post-release evalu-
ations in KwaZulu-Natal during 2014–2015 revealed that A. santacruzi densities peaked
during the austral autumn (April and May) with higher densities at coastal sites than at
inland sites (English, 2016). The suspicion that climatic variables, notably temperature
and humidity, were constraining the performance of A. santacruzi in high-altitude
areas was supported by laboratory trials on the weevil’s physiological tolerances (Cowie,
Venturi, Witkowski, & Byrne, 2016). The aim of this study was to provide field evidence
that climatic variables influence the weevil’s establishment and proliferation in South
Africa. This was accomplished by surveying A. santacruzi densities on S. mauritianum
populations across an altitudinal gradient in KwaZulu-Natal, where the weevil is well
established. It was envisaged that this assessment would facilitate the prioritisation of
areas in other South African provinces for releases of A. santacruzi.
Materials and methods
Study sites
Field surveys were conducted in May 2016, during which S. mauritianum inflorescences
were sampled at 23 sites in KwaZulu-Natal (see Table 1) that included warmer low-alti-
tude coastal areas (11 sites) and cooler higher altitude inland areas (12 sites). Coastal
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sites were within 40 km of the coastline while inland sites were between 60 and 120 km
from the coastline. Study sites included actual A. santacruzi release sites and sites in
close proximity to release sites (English, 2016). All sites contained healthy populations
of at least 20–30 S. mauritianum trees to facilitate adequate sampling of inflorescences.
The GPS coordinates and altitude were recorded at each site. Based on these coordinates,
climatic data (rainfall, temperature and humidity) for the study sites were obtained from
the Department of Natural Resources, KwaZulu-Natal Department of Agriculture and
Rural Development where they comprise an integral part of the provincial Bioresource
Programme (Camp, 1997). In essence, these data were compiled from various weather
stations across the province over several years with additional information from the cli-
matic atlas of Schulze (1997). Compiled in 1997, these data thus reflect broad climatic
means that are indicative of the different Bioresource Units of KwaZulu-Natal (Camp,
1997) in which the sites were located.
Sampling procedure
Ten S. mauritianum trees bearing inflorescences that contained more floral material than
fruit were selected at each study site. One inflorescence that contained large numbers of
flower buds and open flowers was removed from each tree, taking care to avoid displacing
floral material and adult weevils, and placed into a plastic Ziploc™ bag. The samples were
transported to the Pietermaritzburg campus of the University of KwaZulu-Natal and
placed in a freezer, to keep the material fresh but also to prevent the adults from laying
eggs and thereby an over-estimation of the numbers of immature stages.
Table 1. Sites that were surveyed for Anthonomus santacruzi, along an altitudinal gradient in
Kwazulu-Natal province, South Africa.
Site (code) GPS coordinates Altitude (m a.s.l.) Temperature low (oC)a Humidity low (%)a
Inland sites
Hilton (HN)b 29°32′36′′ S 30°17′59′′ E 1164 4.6 62
Hella Hella (HH) 29°52′39′′ S 30°12′45′′ E 1130 4.1 61
Howick (HK) 29°30′18′′ S 30°12′33′′ E 1112 3.8 59
World’s View (WV) 29°35′02′′ S 30°19′53′′ E 1070 4.6 62
Greytown (GT) 29°03′56′′ S 30°41′20′′ E 995 5.0 63
Thornville (TH) 29°44′10′′ S 30°23′01′′ E 954 6.4 62
Richmond (RD) 29°51′06′′ S 30°13′40′′ E 923 5.4 61
Chase Valley (CV)b 29°33′20′′ S 30°21′22′′ E 845 5.2 60
New Hanover (NH) 29°21′19′′ S 30°31′31′′ E 793 5.1 59
Eston (EN) 29°46′32′′ S 30°30′24′′ E 729 6.5 61
Mkondeni (MK) 29°38′13′′ S 30°23′59′′ E 728 5.8 60
Hayfields (HY)b 29°37′22′′ S 30°24′25′′ E 669 5.8 60
Coastal sites
Botha’s Hill (BH) 29°44′56′′ S 30°44′11′′ E 772 7.7 65
Hillcrest (HT)b 29°47′58′′ S 30°46′25′′ E 663 8.2 66
Pinetown (PT) 29°49′21′′ S 30°52′25′′ E 327 9.4 65
Durban (DN) 29°52′22′′ S 30°58′37′′ E 114 9.4 65
Sezela (SZ) 30°24′28′′ S 30°38′17′′ E 103 9.3 65
Tongaat (TG) 29°35′10′′ S 31°08′57′′ E 103 9.6 66
Hibberdene (HB) 30°35′22′′ S 30°33′48′′ E 89 9.3 65
Kingsburgh (KH) 30°05′45′′ S 30°50′58′′ E 83 9.3 65
Gingindlovu (GI) 29°01′56′′ S 31°35′17′′ E 66 10.9 67
Stanger (SR) 29°20′17′′ S 31°18′19′′ E 56 9.6 66
Umkomaas (UM)b 30°12′03′′ S 30°47′15′′ E 17 9.3 65
aLowest mean minimum daily temperatures and humidities during the coldest winter month.
bSites where A. santacruzi was originally released; the remainder were in close proximity to release sites.
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Samples were later analysed by first recording the number of adults present on each
inflorescence. Each inflorescence was then separated into its different reproductive
stages (i.e. flowers, flower buds and fruit), and the numbers of each stage were recorded.
Thereafter, the flowers and flower buds were inspected under a dissecting microscope,
and the numbers of eggs and larvae of A. santacruzi were recorded for each
inflorescence.
Statistical analysis
IBM SPSS version 24.0 was used to conduct the statistical analysis. Since the data sets met
the assumptions of normality, the mean amounts of available floral material (i.e. flowers
and flower buds) and mean numbers of A. santacruzi (all life stages combined) were com-
pared between the coastal and inland sites using independent-samples t-tests. The data
sets on the abiotic variables did not conform to normality, and the relationships
between the mean numbers of A. santacruzi per inflorescence and food availability, alti-
tude, mean annual rainfall, mean annual daily temperature and mean annual daily humid-
ity were determined by Spearman’s rank-order correlation.
Results
Availability of floral material
There was substantial variation between the 23 sites in the amounts of floral material that
were available to A. santacruzi for feeding and oviposition (Figure 1). The mean number of
flowers per inflorescence ranged from 8.7 (Chase Valley) to 40.9 (Hilton) while that of
flower buds ranged from 28.1 (Pinetown) to 144.5 (Hibberdene) (Figure 1). There were
significantly more flowers and flower buds of S. mauritianum (t = 2.927, df = 21, P =
0.008) at the inland sites (mean ± SE = 116.18 ± 6.54) than at the coastal sites (mean ±
SE = 84.11 ± 9.00). Consequently, there was a significant positive relationship (rs =
0.460, n = 23, P = 0.027) between floral abundance and altitude. Despite these differences
in the availability of floral material, there were no obvious shortages of food and ovipos-
ition sites for A. santacruzi at the majority of the sites (Figure 1).
Weevil abundance
Anthonomus santacruzi was absent at only 3 of the 23 study sites (Figure 2), all of which
were inland and at higher altitudes (Hilton, Howick and Greytown). At the 20 sites where
A. santacruzi was recorded, the mean numbers per inflorescence (all life stages combined)
ranged from 1.6 (World’s View) to 31.9 (Hibberdene). There were significantly higher
numbers of A. santacruzi (t =−3.775, df = 14, P = 0.002) at the coastal sites (mean =
15.97 ± 2.66) than at the inland sites (mean = 4.94 ± 1.22). Given the opposite trend in
relation to floral abundance (Figure 1), there was a negative, but not significant, relation-
ship between mean floral abundance and the mean numbers of A. santacruzi (rs =−0.370,
n = 23, P = 0.083). Although not specifically tested, it is thus likely that higher weevil den-
sities at the coastal sites were responsible for the lower amounts of floral material at these
sites (Figure 1).
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Figure 1. Mean (+SE) amounts of floral material per inflorescence of Solanum mauritianum at each of
the surveyed sites. Horizontal lines indicate the overall means at the inland and coastal sites. Sites are
arranged in order of decreasing altitude (see Table 1).
Figure 2. Mean (+SE) numbers of Anthonomus santacruzi per inflorescence of Solanum mauritianum at
each of the study sites. Horizontal lines indicate the overall means at the inland and coastal sites. Sites
are arranged in order of decreasing altitude (see Table 1).
BIOCONTROL SCIENCE AND TECHNOLOGY 479
Effect of abiotic factors on weevil numbers
There was a significant negative relationship (rs =−0.807, n = 23, P < 0.0001) between the
mean number of weevils per inflorescence and altitude, clearly demonstrating that low-
altitude coastal sites supported the highest densities of A. santacruzi (Figure 3(A)). The
three sites where A. santacruzi was not recovered were all above 990 m a.s.l. With few
exceptions, the highest A. santacruzi numbers were recorded at altitudes ranging from
17 to 103 m while lower numbers were recorded at altitudes exceeding 800 m a.s.l.
(Figure 3(A)).
There was no significant relationship (rs = 0.215, n = 23, P = 0.324) between the mean
number of A. santacruzi per inflorescence and mean annual rainfall (Figure 3(B)). Rainfall
at the 23 sites ranged from 713 to 1157 mm per year which, by South African standards, is
typical of high-rainfall regions. In contrast, there was a significant positive relationship
(rs = 0.701, n = 23, P < 0.0001) between mean A. santacruzi numbers and mean daily
temperature, indicating higher weevil densities at sites with higher mean daily tempera-
tures (Figure 3(C)). The mean daily temperatures at the 23 sites ranged from 15.8°C
to 20.5°C, with the highest weevil densities recorded in the 19.5°C to 20.5°C range
(Figure 3(C)). Similarly, there was a significant positive relationship (rs = 0.676, n = 23,
P < 0.0001) between mean A. santacruzi numbers and mean daily humidity (Figure 3
(D)). The mean daily humidity at the 23 sites ranged from 66% to 74%, with the
highest weevil densities recorded in the 73% to 74% range.
Figure 3. Relationship between the mean numbers of Anthonomus santacruzi per inflorescence and (A)
altitude, (B) mean annual rainfall, (C) mean annual daily temperature and (D) mean annual daily
humidity.
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Altitude was the best predictor of weevil abundance and displayed significant negative
relationships with both daily temperatures (rs =−0.925, n = 23, P < 0.0001) and daily
humidity (rs =−0.849, n = 23, P < 0.0001). There was no relationship between altitude
and mean annual rainfall (rs =−0.191, n = 23, P = 0.382).
Discussion
This study confirmed the contention (English, 2016) that A. santacruzi is significantly
more abundant in the warmer coastal regions than in the cooler inland regions of
KwaZulu-Natal province. In particular, the weevil was recovered at all of the coastal
sites but not at three of the inland sites situated at higher altitudes. This appears unrelated
to earlier release efforts undertaken in the province. Indeed, the first and most extensive
releases of A. santacruzi were undertaken at Hilton (1164 m a.s.l.) with no success, while
subsequent releases were undertaken at Umkomaas (17 m a.s.l.) with considerable success
(Olckers, 2011). Instead, altitude and climatic variables, notably temperature and humid-
ity, were strongly correlated with the distribution and abundance of A. santacruzi.
Altitude is a strong predictor of climatic factors such as temperature and humidity,
which typically decrease as altitude increases (Linacre, 1982; Pierrehumbert, Brogniez,
& Roca, 2007; Wang, Sun, Cheng, & Jiang, 2011). High-altitude regions in South
Africa, including those in KwaZulu-Natal, are characterised by cold, dry winters with
low humidity and a high incidence of frost (Cowie et al., 2016; Olckers, 2011). Altitude,
which was negatively correlated with A. santacruzi densities, provided the most practical
predictor of where populations are likely to establish and proliferate. With few exceptions
(e.g. the Eston site at 729 m a.s.l.), the most suitable areas for A. santacruzi releases were
those below 105 m a.s.l. These results are not surprising since A. santacruziwas established
from parental stocks that were sourced from sites in the sub-tropical regions of Corrientes
and Misiones provinces in north-eastern Argentina, where the altitude is typically below
150 m (Cowie et al., 2016; Olckers, 2011). However, micro-climate conditions presumably
permitted higher weevil numbers at some higher altitude sites (e.g. Eston where the
S. mauritianum population was situated in riparian vegetation and where climatic
effects may have been buffered).
Increased altitude has a range of effects on insects, which include extended develop-
mental times, reduced reproduction, fewer annual generations and shortened flight
seasons (Hodkinson, 2005). Since increasing altitude is also associated with lower temp-
eratures, increased exposure to ultraviolet radiation, shorter growing seasons, increasing
wind and poorer quality soils (Hodkinson, 2005), it influences the growth, phenology
and quality of host plants. However, S. mauritianum thrives at high altitudes in South
Africa, particularly in high-rainfall regions (Olckers, 2011), and there was no evidence
of reduced host-plant quality with increasing altitude. On the contrary, food availability
(i.e. floral abundance) was positively correlated with altitude in this study, although this
may well have been influenced by lower weevil numbers at higher altitude sites.
Both temperature and humidity are renowned for their direct effects on the establish-
ment and distribution of insect biocontrol agents in a new range (e.g. Byrne, Currin, &
Hill, 2002; Cowie et al., 2016; May & Coetzee, 2013). Virtually all aspects of insect
biology are determined by temperature, notably their development, population densities,
number of annual generations and distribution (e.g. Bale et al., 2002; Lee, 1991). Indeed,
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temperature was strongly correlated with A. santacruzi abundance, which was highest in
the warmer coastal regions of KwaZulu-Natal. Although A. santacruzi adults have some
degree of cold tolerance, with lethal temperatures at around at −4°C, development
ceases at temperatures below 4°C (Cowie et al., 2016). This is consistent with the apparent
failure of the weevils to establish at three inland sites, where the lowest mean minimum
daily temperatures are 3.8°C (Howick), 4.6°C (Hilton) and 4.7°C (Greytown).
Humidity similarly affects insect physiology and hence their ecology and distribution
(Cowie et al., 2016; Norhisham, Abood, Rita, & Hakeem, 2013). Low humidities are
especially problematic for many insect species as they hinder/delay development,
reduce lifespan and retard oviposition (Cowie et al., 2016). Humidity was strongly corre-
lated with A. santacruzi abundance which was highest at sites with a mean annual daily
humidity of above 70%. The high-altitude region (Highveld) of South Africa (1500–
2000 m) is renowned for low winter humidity which, together with low winter tempera-
tures, has prevented the establishment of A. santacruzi (Cowie et al., 2016). In particular,
areas with a relative humidity of below 47% during certain months are unable to support
establishment (Cowie et al., 2016). However, since none of the 23 study sites in KwaZulu-
Natal fall below this humidity cut-off during winter (Table 1), the absence of A. santacruzi
at the three inland sites is more likely due to low winter temperatures.
Solanum mauritianum is a major invasive weed in many parts of the world and is
especially problematic in the high rainfall regions of South Africa. The flowerbud-feeding
weevil A. santacruzi has been established for a relatively short time (7–8 years) in
KwaZulu-Natal province, where the first releases were carried out. While A. santacruzi
has potential as a biocontrol agent, its distribution, proliferation and impact will be
limited to coastal and other low- and medium-altitude regions, where the winter tempera-
tures and humidities are above the critical limits (Cowie et al., 2016). The introduction of
new stocks from high-altitude regions in South America (see Pedrosa-Macedo, Olckers,
Vitorino, &Caxambu, 2003) could augment theArgentinean stocks that are currently estab-
lished. The congeneric Anthonomus morticinus Clark, which has a similar biology and is
more common than A. santacruzi in high-altitude regions in Brazil (Pedrosa-Macedo
et al., 2003), could also be considered for introduction. In the interim, further releases of
theArgentinean stocks ofA. santacruzi in other SouthAfrican provinces should be confined
to coastal regions and inland regions that are below 1000 m above sea level.
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